Aims Iron (Fe) is an essential micronutrient, and plant available Fe is often limited in alkaline soils. Fe deficiency chlorosis decreases plant growth and yield.
Introduction
Iron (Fe) is an essential plant and human nutrient that is required for a number of crucial biochemical processes and enzymes for numerous redox reactions. The majority of humans depend on plants as their primary source of Fe and other mineral elements. Thus, understanding how to improve the Fe density of plants is an important goal. Uptake of Fe from the rhizosphere is a prerequisite step that must occur before other processes that lead to distribution to other plant parts, such as leaves or seeds. A substantial percentage of seed Fe can be supplied from previously taken up pools that are remobilized from leaves or other vegetative tissues (Waters and Grusak 2008; Waters et al. 2009 ). Other mineral elements can also be remobilized from vegetative or seed covering tissues (Garnett and Graham 2005; Gregersen et al.Shibles 2005; Sunarpi and Anderson 1996; Waters and Sankaran 2011) . Likewise, cotyledons and endosperm tissues can be important sources of remobilized minerals for developing seedling growth, such as S (Sunarpi and Anderson 1995) , Zn (Sudia and Green 1972) , Fe (Ambler and Brown 1974; Tiffin et al. 1973) , N and P (Bewley and Black 1985; Dalling and Bhalla 1984; Mayer and Poljakoff-Mayber 1982) . An increased understanding of genes involved in remobilization from seed reserves or vegetative tissues could lead to strategies to increase internal Fe use efficiency.
Availability of Fe is low in alkaline soils, which make up approximately 30% of the earth's soils (Chen and Barak 1982) . Many alkaline soils also have high bicarbonate concentration (Mengel 1994; Rogovska et al. 2007) , which can inhibit Fe uptake Mengel 1994) . Leaf chlorosis is a classical Fe deficiency sign, and negatively impacts yield in certain crops, such as soybean in the upper Midwest USA (O'Rourke et al. 2007; Wang et al. 2008) . Under low Fe availability conditions, plants increase Fe uptake gene expression and protein activity (Morrissey and Guerinot 2009), which in dicot species includes ferric reductases (Jeong and Connolly 2009) , iron transporters (Vert et al. 2002) , and H + -ATPases (Santi and Schmidt 2009) .
Cucumber (Cucumis sativus) has been used for studying Fe deficiency responses for a number of years (Alcantara et al. 1991; Rabotti and Zocchi 1995; Romera and Alcántara 1994; Romera et al. 1992; Zocchi and Cocucci 1990) , including interactions between Fe deficiency and ethylene (Lucena et al. 2006; Alcántara 1994, 2004; Romera et al. 1999; Waters et al. 2007) , and bicarbonate ). The primary iron uptake response genes for ferric reductase FRO1, iron transporter IRT1 (Waters et al. 2007) , and H + -ATPase HA1 (Santi et al. 2005 ) have been identified from cucumber. More recently, the sequencing of the cucumber genome (Huang et al. 2009 ) has opened the possibility for additional genomic scale studies such as proteomic responses of roots to Fe deficiency (Donnini et al. 2010; Li and Schmidt 2010) . The rapid growth and relatively large size of cucumber organs offers advantages over Arabidopsis thaliana for certain lines of inquiry.
In this work, we utilized a natural variation strategy to identify two cucumber varieties with substantial differences in Fe use efficiency and accumulation. Our objective was to characterize differences in uptake, partitioning, and remobilization of Fe to provide the basis for genomic scale studies to understand the underlying genetic differences between these two varieties. Using a developmental time course of mineral content in cotyledons, we have shown that cucumber cotyledons do not have adequate Fe stores for seedling development, but begin accumulating Fe in the first days after germination.
Materials and methods
Cucumber seeds of non-hybrid varieties were obtained from commercial suppliers. All seeds of a variety were from a single supplier and production lot. Soil (2012) 352:185-197 For mineral analysis, plant tissues were dried at 60°C in a drying oven for at least 48 h, weighed, and digested in concentrated nitric acid/hydrogen peroxide with stepwise heating for 1-2 h at 100, 125, 150, then 160°C to dryness. Residues were resuspended in 1% HNO 3 . For the variety screen and bicarbonate experiments, Fe concentrations were determined using the 2,2'-bipyridyl method. In brief, a fresh working solution containing 1 ml of 1.2 M L-ascorbic acid, 4 ml of 12.8 mM 2,2'-bipyridyl and 10 mL of 1 M acetate buffer (pH 5.0), was prepared and 150 μl of the working solution was combined with 50 μl of sample in a 96-well microplate. The concentration of Fe was calculated by absorbance at 520 nm after calibration using a standard curve. The method was validated by ICP-MS. For the time course experiments, Fe and other mineral concentrations were determined by digestions as described above followed by ICP-MS. Mineral contents were determined by multiplying mineral concentrations by tissue DW. For the cotyledon time course, averaged tissue DW was calculated for two growth phases (0-12 days and 12-30 days) by fitting a linear regression to the observed data (Online Resource 1).
Results
We determined Fe use efficiency by two criteria, comparison of chlorophyll at Fe replete (10 μM) and deficient conditions (Fig. 1a) , and by chlorophyll density per Fe density (Fig. 1b) . There was striking natural variation in Fe efficiency, which in this case we define as the ability to maintain chlorophyll under low Fe or Fe deficiency. At the extremes were Ashley, which under Fe deficiency had 72% as much chlorophyll as when Fe replete, and Miniature White (MW), which under Fe deficiency had only 28% the chlorophyll level as when Fe replete (Fig. 1a) . Under Fe replete conditions, Fe concentration and SPAD values were positively correlated (Fig. 1b) . Ashley was among the darkest green varieties and had the highest Fe concentration under Fe replete conditions, with MW among the lowest for both of these values. Under Fe deficiency, there was a narrow range of Fe concentrations in the leaves, but a wide range of SPAD values, with Ashley maintaining the highest chlorophyll and MW having the lowest chlorophyll. Thus, in our screen we determined that Ashley and MW were the varieties with the greatest diversity in Fe efficiency, and these lines were selected for further study.
We then tested whether the differences in Fe efficiency would be present under Fe challenged (not Fe deficient) conditions. In preliminary experiments, we determined that a treatment of 1 μM FeEDDHA was sufficient to increase root ferric reductase activity relative to 10 μM Fe without greatly decreasing leaf chlorophyll levels. Under low Fe treatment or in the presence of bicarbonate for 7 days, Ashley had consistently higher chlorophyll levels in leaves (Fig. 2) . Both varieties had higher root ferric reductase activity at low Fe than at replete Fe, with similar activity levels (Fig. 3) . However, when challenged with bicarbonate, Ashley had consistently higher ferric reductase activity than MW. Ashley also maintained higher Fe concentration in cotyledons (Fig. 4a) and leaves ( Fig. 4b ) under low and normal Fe, and slightly higher Fe concentration under low Fe with bicarbonate. These higher concentrations translated into higher overall accumulation, implying a higher uptake rate, as Ashley had a higher Fe content under all treatments (Fig. 4c) . Most of the difference between the two lines could be accounted for in the cotyledons.
Based on these results, we hypothesized that Ashley may be more Fe efficient in Fe acquisition from the nutrient solution because it accumulates greater quantities of Fe into cotyledons that could then be utilized as sources for the growing leaves. To test this, we carried out a time course over the first month of seedling growth to quantify leaf chlorophyll and changes in Fe and other minerals in cotyledons of Ashley and MW. In seedlings grown on 10 μM Fe for the first 8 days, then transferred to complete or -Fe solution, leaves of both lines had decreased chlorophyll relative to + Fe plants after 8 days on -Fe treatments, and at later time points MW became substantially more chlorotic than Ashley (Table 1) . For example, at 23 days, -Fe Ashley leaf 4 had 28% of the chlorophyll concentration of + Fe leaf 4, while -Fe MW leaf 4 had only 7% the chlorophyll of + Fe MW leaf 4. The mineral concentrations of leaves of Ashley and MW were determined for samples from 23 days (Fig. 5) . Ashley had higher leaf Fe than MW in the + Fe treatment, with both lines having similar low concentrations at -Fe, consistent with the initial variety screen (Fig. 1) . Leaf S and Ca concentrations were similar between lines and were not greatly changed by Fe treatment. Leaf Mg, P, and Mn concentrations were also similar between lines, and increased in leaves of -Fe plants. Leaf K was higher in MW in complete solution, but increased in both lines under -Fe. Zinc increased more in MW than in Ashley in the -Fe treatment. Most strikingly, Cu increased by 2.1-fold in Ashley under -Fe, but by 3.5-fold in Fe deficient MW.
Cotyledons grew rapidly for the first 12 days, then reached a plateau (Online Resource 1). Fe deficiency did not affect DW of the cotyledons. The average DW was multiplied by concentration of each mineral in cotyledons at each time point to calculate mineral content over the time course. All minerals rapidly increased in content over the first several days (Fig. 6 , Online Resource 2). Differences in remobilization of four minerals (P, Fe, K, and Cu) were seen between the two varieties. Phosphorus increased in + Fe Ashley at most time points, before decreasing at the last time point; in contrast, P increased in both treatments of MW until 12 days, after which it decreased at each time point (Fig. 6a) , indicating remobilization. However, in the -Fe treatment of Ashley, P decreased from 16 days onwards. Potassium exhibited a similar pattern of accumulation in both lines, followed by decreasing content for the final three time points. Fe deficient MW began remobilizing K sooner, after 12 days onwards, while K fluctuated in -Fe Ashley cotyledons (Fig. 6b) . Copper increased in cotyledons of both lines until 12 days, after which it rapidly decreased for the next two time points before leveling off. Ashley -Fe cotyledons had similar Cu to the + Fe. MW Cu decreased at similar rates in both treatments until 19 days, after which Cu increased and remained at levels substantially higher than those of + Fe MW (Fig. 6c) . In + Fe Ashley, Fe content increased rapidly through 12 days, then more slowly before leveling off and decreasing at the last time point, however, dynamics of Fe in + Fe MW was similar to those of P, and remobilization began at 16 days. After removal of Fe from the nutrient solution, Ashley maintained similar Fe content throughout the remainder of the experiment, while MW had a slight decrease in content at each following time point. Other mineral contents (Mg, Ca, Zn, Mn, S) did not show clear remobilization, and except for S there were no differences in content between the lines or Fe treatments (Online Resource 2).
Discussion
Screening natural variation in traits, such as mineral homeostasis, among varieties of a species of plant can allow identification of extreme phenotypes that can used to understand differences in physiology or that can be associated with the underlying genetic composition. We have used a simple screen to identify two cucumber varieties with greatly contrasting efficiency for utilization and accumulation of Fe.
Borrowing from the concepts of nitrogen use efficiency (NUE) (Hirel et al. 2007; Masclaux-Daubresse et al. 2010; Moll et al. 1982) , similar methods of calculation can be used to estimate relative Fe use efficiency. Two measures of NUE for grain, e.g. wheat, are to compare the amount of protein produced per unit N available to the plant (low N vs. high N), or per unit N accumulated in the plant (N content). In our case, instead of protein, we can consider the chlorophyll level at normal and low Fe, and the chlorophyll level per unit Fe in a leaf. By both of these measures, Ashley was the most Fe use efficient variety in our screen, having the highest chlorophyll at both -Fe and normal Fe supply, while MW had among the lowest chlorophyll in + Fe and the lowest chlorophyll levels in -Fe (Fig. 1) . The differences in Fe use efficiency between Ashley and MW were also present when plants were Fe challenged by low (1 μM) Fe and with bicarbonate (Fig. 2) . Similarly, during the time course experiment, MW became substantially more chlorotic than Ashley when Fe was withheld ( efficiency, Ashley is more Fe uptake efficient than MW, as Ashley had a higher Fe content at 1 μM Fe, 10 μM Fe, and 1 μM Fe+bicarbonate (Fig. 3) . Although root ferric reductase was typically higher in Fe challenged Ashley roots than MW, it was not higher by a large margin, and under normal Fe supply, ferric reductase activity was at equal, baseline levels in both varieties, while under this treatment Fe accumulation differences were the greatest (Fig. 4) . This suggests that ferric reductase activity cannot account for the entire difference in Fe uptake efficiency, and other factors that control Fe uptake and accumulation must also be different. Thus, future studies of these varieties may elucidate key genes to target for crop improvement of Fe use efficiency. Additionally, this result suggests that screens for Fe efficient varieties that rely on root ferric reductase activity (Gogorcena et al. 2004 ) may not identify the most Fe efficient varieties. We had hypothesized that part of the difference in Fe efficiency between these varieties might result from more efficient utilization of cotyledon radiolabeled during seed development) declined rapidly over the first 18 days of seedling growth when grown without Fe (Tiffin et al. 1973) , and also declined to a lesser extent when grown with 10 μM Fe. However, additional Fe was taken up into cotyledons, resulting in an increase of 1.5 (Ambler and Brown 1974) to 2-fold (Tiffin et al. 1973) in total. Our results in cucumber were quite different, in that we observed that during early seedling growth (0-12 days), both Ashley and MW cotyledons accumulated approximately 10-fold the starting amount of Fe. When Fe was withheld beginning at 8 days, Ashley cotyledons remained at a similar content for the rest of the experiment, while Fe content in MW cotyledons declined only slightly (Fig. 6 ). As such, differences in cotyledon Fe pool utilization between Ashley and MW cannot explain the differences in Fe use efficiency between these varieties. On the other hand, our results indicated that + Fe Ashley accumulated much greater amounts of Fe and did not remobilize this Fe until late in the time course, while MW accumulated much less Fe and that it began to be remobilized after 16 days of treatment. This difference indicates a different Fe partitioning strategy between these varieties and offers a potential to compare these lines to discover the underlying molecular genetic mechanisms. There are fundamental differences in cucumber and soybean cotyledon composition and growth that may explain why soybean cotyledons remobilized Fe differently than cucumber. Cucumber cotyledons initially had only very small amounts of Fe (2.3 μg and 1.1 μg per pair for Ashley and MW, respectively), while soybean had 4-14 μg per cotyledon (Ambler and Brown 1974; Tiffin et al. 1973) , and enough Fe was present in soybean seeds to support seedling growth to the first trifoliate leaf (Ambler and Brown 1974) . Another difference is that while cucumber cotyledons rapidly grew and increased in DW (Online Resource 1), soybean cotyledons had their greatest mass initially and decreased in size at each time point (Tiffin et al. 1973) . Similarly, soybean cotyledons remobilized S (Sunarpi and Anderson 1995) and Zn (Sudia and Green 1972) , whereas cucumber cotyledons did not. Thus, it appears that there are key differences between soybean and cucumber that may apply to early seedling growth of other crop species, and continued study of both species will contribute to understanding of roles of cotyledon in Fe supply.
The regulators of senescence processes and senescence related genes and proteins are of intense interest (Buchanan-Wollaston et al. 2003; Guo and Gan 2005; Lim and Nam 2005; Lim et al. 2003; Munne-Bosch and Alegre 2004; Van der Graaff et al. 2006; Yoshida 2003) . One of the key features of leaf senescence is remobilization of nutrients. Cucumber cotyledons have previously been used as a model system for studying senescence processes (Becker et al. 1978; Delorme et al. 2000; Graham et al. 1992; Kim and Smith 1994; McLaughlin and Smith 1995; Prakash et al. 2001; Yamauchi et al. 2002) . Major nutrients such as lipids and total protein were shown to decrease over the first week of germination (Becker et al. 1978) . In this work we have shown that certain mineral nutrients (Fe, Cu, P, and K) are also remobilized from cucumber cotyledons, but after several days of accumulation rather than from stored sources (Fig. 6 ). Nitrogen deficiency stress is known to result in premature senescence (Crafts-Brandner et al. 1998) . Fe deficiency may also accelerate senescence (Sperotto et al. 2008 (Sperotto et al. , 2007 . In our experiments, K was remobilized earlier time points from MW, and P remobilization occurred at earlier time points in Ashley when Fe was withheld. Fe deficiency did not have a noticeable effect on remobilization of Cu at 12-19 days, but MW cotyledons increased in Cu at later time points. This may be because of increased Cu uptake, which was also reflected in leaf Cu concentration (Fig. 5) . Fe deficient plants have previously been shown to take up additional Cu (Chaignon et al. 2002; Delhaize et al. 1993; Suzuki et al. 2006; Welch et al. 1993) , as has the Arabidopsis ysl1ysl3 mutant, which has phenotypic similarities to Fe deficient plants Waters and Grusak 2008) .
In recent years, much senescence related research has been carried out in Arabidopsis thaliana (Ay et al. 2009; Balazadeh et al. 2010; Breeze et al. 2011; Evans et al. 2010; Keech et al. 2010; Miao and Zentgraf 2010; Wagstaff et al. 2009; Zhou et al. 2011) , in part because of well-developed resources such as genome and cDNA sequences and microarray capabilities. Several mineral nutrients (Cu, Fe, K, N, P, S, and Zn) had decreased concentration (Himelblau and Amasino 2001) and/or content (Waters and Grusak 2008) in Arabidopsis leaves as they aged and senesced. Systems approaches have described a number of genes that have altered expression during the senescence stage of development (Breeze et al. 2011; Buchanan-Wollaston et al. 2005; Liu et al. 2011; Van der Graaff et al. 2006) , some of which are likely to be crucial for mineral remobilization from leaves or cotyledons. However, simultaneous transcriptional profiling and nutrient remobilization studies have not been conducted to tightly correlate these events. Cucumber cotyledons offer a potentially ideal model system for this type of experiment, since one cotyledon leaf of a plant could be subjected to mineral analysis while the second one is harvested for RNA isolation. ESTs from senescing cucumber cotyledons have been described (Kim 2004) , and with the completion of the cucumber genome (Huang et al. 2009 ) genome-wide transcriptional profiling experiments are now feasible.
In conclusion, our simple screen for Fe use efficiency has allowed us to identify cucumber varieties with distinct differences in internal use and uptake efficiency of Fe. Within cucumber, Ashley and MW had differences in Fe and P remobilization, suggesting that cucumber could be an excellent model for systems level studies of remobilization of these minerals during senescence.
